A fundamental requirement for cellular vitality is the maintenance of plasma ion concentration within strict ranges. It is the function of the kidney to match urinary excretion of ions with daily ion intake and nonrenal losses to maintain a stable ionic milieu. NADPH oxidase is a source of reactive oxygen species (ROS) within many cell types, including the transporting renal epithelia. The focus of this review is to describe the role of NADPH oxidase-derived ROS toward local renal tubular ion transport in each nephron segment and to discuss how NADPH oxidase-derived ROS signaling within the nephron may mediate ion homeostasis. In each case, we will attempt to identify the various subunits of NADPH oxidase and reactive oxygen species involved and the ion transporters, which these affect. We will first review the role of NADPH oxidase on renal Na ϩ and K ϩ transport. Finally, we will review the relationship between tubular H ϩ efflux and NADPH oxidase activity.
kidney; superoxide; Na ϩ K ϩ 2Cl Ϫ cotransporter; sodium; potassium; hydrogen; amiloride; hydrogen peroxide; transporter; epithelial Na channels THE KIDNEY MUST FILTER THE blood more than 20 times each day to prevent the buildup of metabolic waste products and to maintain a stable internal environment. The majority of plasma proteins are too large to be filtered; however, ions such as Na ϩ and K ϩ , are freely filtered and, therefore, must be reabsorbed by the renal tubules. The small fraction that is not reabsorbed or that is secreted is excreted in the urine. Renal ion excretion is tightly regulated by numerous hormonal and cellular mechanisms to tightly match daily intake and nonrenal losses with urinary excretion. As maintenance of stable plasma levels of these ions is a fundamental requirement for cellular vitality, not surprisingly then, the physiological mechanisms that underlie these regulatory processes and how these processes are altered in disease states continue to be at the core of a tremendous amount of research.
While oxygen free radicals are often associated with oxidative stress or tissue injury, low levels of reactive oxygen species (ROS) contribute to redox signaling within the cell (35) . Given the ability of redox signaling to rapidly alter multiple cellular functions, it is not surprising that ROS participate in the translation of physiological signals to complex cellular processes, such as renal tubular ion transport. There are numerous sources of ROS within the cell, including xanthine oxidase, mitochondria, uncoupled nitric oxide synthase, and cytochrome P-450 (37) . Within the kidney however, NADPH oxidase is the most well studied, and numerous published reports now indicate that this enzyme is capable of modulating renal epithelial ion transport. While activation of NADPH oxidase within the central nervous system or renal vasculature may also be capable of influencing renal function (7) , the focus of this review is the autocrine role of NADPH oxidase-derived ROS on renal tubular ion transport. (39) . NOX1, NOX2, and NOX4 have all been indentified within the kidney (12) . Of these, NOX4 (originally termed Renox due to its high expression in kidney tissue) is the predominant isoform expressed in the tubular epithelium; however, both NOX2 and NOX1 have also been localized to transporting renal epithelia (10, 12) . NOX1, NOX2, and NOX4 require a second subunit p22phox for activity. While relatively little is known regarding the processes that lead to activation of NOX4 within the kidney, the majority of evidence indicates that NOX4 does not require the assembly of cytosolic subunits (39) and may be located in a number of cellular components, including the mitochondria and endoplasmic reticulum in addition to the plasma membrane (13, 47, 49) . Interestingly NOX4 may also produce H 2 O 2 rather than O 2 Ϫ (25). In contrast, full activation of NOX2 requires binding of the cytosolic subunits p67phox, p47phox, as well as the small GTPase rac1 or rac2 to the membrane-bound NOX2/ p22phox complex (39) . Along the nephron, NADH stimulated O 2 Ϫ production (indicated by ethidium fluorescence) is greatest in the medullary and cortical thick ascending limb (21) , demonstrating that NADPH oxidase is a major source of radicals in these segments. NADH-stimulated ethidium fluorescence can also be detected at lower levels in the cortical and medullary collecting ducts, the thin limb of the loop of Henle, and at lower levels still in the proximal tubule (21) . The NADPHoxidase subunits identified in each nephron segment are shown in Table 1 .
NADPH Oxidase in the Renal Tubular Epithelium
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Extracellular Na ϩ content determines extracellular fluid volume. As such, Na ϩ excretion must be tightly regulated to maintain body fluid balance. As the amount of Na ϩ filtered is several times higher than Na ϩ intake, the kidney must normally reabsorb Ͼ99% of filtered Na ϩ to prevent Na ϩ wasting. Approximately 60 -70% of this reabsorption occurs in the proximal tubules, ϳ20 -30% by the thick ascending limb, and the remaining 10% by the distal nephron. Importantly, all of these regions appear to be under the control of NADPH oxidase-mediated ROS signaling.
Proximal Tubule
In the early and midproximal tubule (PT), Na ϩ uptake occurs mainly via the transcellular pathway, coupled to ions and small organic molecules involving a number of transporters; with HCO 3 Ϫ via an apical Na ϩ /H ϩ exchange (NHE3) and basolateral Cl Ϫ /HCO 3 Ϫ exchange; with Cl Ϫ via an apical Cl Ϫ / HCOO Ϫ exchange coupled to NHE3; with glucose, phosphate, and amino acids via specific apical cotransporters (Fig. 1) . In the late proximal tubule, Na ϩ is mainly reabsorbed with Cl Ϫ via the paracellular pathway. Na ϩ entry is powered by the basolateral Na ϩ /K ϩ -ATPase, which extrudes Na ϩ from the cell generating a favorable concentration gradient.
Experimental evidence suggests that the predominant action of NADPH oxidase-derived ROS on PT transport is to reduce the activity of Na ϩ transporters and limit fluid reabsorption when ROS levels are elevated. Panico et al. (36) recently demonstrated that NADPH oxidase-derived O 2 Ϫ inhibit NHE3 in the proximal tubule of spontaneously hypertensive rats. Panico et al. (36) found that PT fluid absorption is decreased in adult hypertensive spontaneously hypertensive rats (SHR) compared with normotensive control Wistar-Kyoto (WKY) rats and that both the NADPH-oxidase inhibitor apocynin and siRNA targeted against p22phox, as well as the O 2 Ϫ scavenger TEMPOL, normalized PT fluid absorption in SHR (36) . The effect of NADPH oxidase-derived O 2 Ϫ to reduced PT fluid reabsorption appears to be mediated by NHE3, as selective inhibition of NHE3 with S-1161 prevented the action of the NADPH oxidase inhibitor apocynin to restore fluid absorption (36) . Importantly, inhibition of NADPH oxidase had no effect on fluid absorption in PT from normotensive WKY rats (36) , suggesting the effects of NADPH oxidase may only be relevant in pathological states, such as hypertension, where renal ROS are elevated. In addition to inhibition of NHE3, activation of NADPH oxidase in response to high glucose or high levels of ANG II has also been demonstrated to inhibit the Na ϩ glucose cotransporter and basolateral Na ϩ /K ϩ -ATPase in PT cells, respectively (14, 48) . The inhibitory action of NADPH oxidase-derived ROS on PT transport is different from many Location of NAD(P)H oxidase subunits along the renal tubule. Leftmost column shows NAD(P)H oxidase subunit; the top row shows segment of nephron in which subunit is found; X denotes evidence subunit is present from either identification of mRNA or protein from isolated cell or fuctional effect of knockout; empty box denotes either negative or no data on this subunit for this location. PT, proximal tubule; TL, thin limb; TAL, thick ascending limb; MD, macula densa; DT, distal tubule; CCD, cortical collecting duct; MCD, medullary collecting duct. Fig. 1 . Diagramatic representation indicating the actions of NAD(P)H oxidase on sodium transport in a proximal tubule cell. Superoxide (O2 ·Ϫ ) produced by NAD(P)H oxidase acts to inhibit Na ϩ uptake into the proximal tubular cell by inhibiting NHE3 (Na ϩ /H ϩ ) and Na ϩ -glucose cotransporters (Na ϩ :Glucose). The actions of O2 ·Ϫ on other apical Na ϩ transporters including Na ϩ -ammino acid coransporters (Na ϩ :AA) and Na ϩ -phospate cotransporters (Na ϩ :Pi) remains unknown. O2
·Ϫ produced by NADPH oxidase reacts with nitric oxide (NO) to form peroxynitrite (OONO· Ϫ ). Peroxynitrite inhibits basolateral Na ϩ / K ϩ ATPase. Black arrows represent direction of action/reaction only; thin dashed arrows indicate direction of Na ϩ transport; red arrows indicate an inhibitory action.
segments of the nephron, in which NADPH oxidase-derived ROS often stimulate Na ϩ transport. One could speculate that under some conditions, such as hypertension, elevated ROS levels within PT serve an important negative feedback function, limiting PT ion transport and promoting excretion of excess Na ϩ . Given the potentially beneficial actions of NADPH oxidase in the PT, further studies aimed at unraveling the precise physiological function of PT NADPH oxidase will be of importance. Such studies may be of particular relevance given the tendency of therapeutic approaches to target ROS solely as mediators of cellular dysfunction and injury.
The isoforms of NADPH oxidase responsible for ROS production in the PT remain relatively poorly understood. Sedeek et al. (40) recently provided evidence that NOX4 is responsible for glucose-induced O 2 Ϫ production in PT cells. Sedeek et al. (40) found that NOX4, p22phox, and p47phox, but not NOX1 or NOX2, expression was elevated in the renal cortex of diabetic mice and mouse PT cells exposed to high glucose. Further, NOX4 downregulation by targeted siRNA or inhibition by GK136901 (Nox4/1 specific inhibitor) attenuated glucose-mediated increases in PT ROS generation (40) . This result, indicating that NOX4 is the primary source of ROS, is somewhat surprising, given others have previously found that apocynin can limit ROS and restore glucose uptake in PT cells. As apocynin works by inhibiting the assembly of the cytosolic and membrane subunits of NADPH oxidase, it is uncertain how apocynin could inhibit ROS derived predominantly from NOX4, which is generally thought to be constituently active and does not require the presence of cytosolic subunits. One possibility is that apocynin was acting nonspecifically as a ROS scavenger as, at high doses, apocynin has been shown to scavenge cellular H 2 O 2 (16) . A second explanation may be that renal NOX4 requires cytosolic subunits or that activation of NOX4 requires the prior activation of NOX2 and that NOX4 is activated by a ROS-induced ROS mechanism (30) . Given the importance of NADPH-derived ROS within the renal epithelium, differentiating the specific physiological roles of the various NOX isoforms present will be an important step forward in our understanding of renal function. To be confident in such conclusions, however, future studies will require multiple approaches to delineate the sources of ROS, including siRNA, genetically modified animals, as well as pharmacological inhibitors.
Thick Ascending Limb
The actions of NADPH oxidase on Na ϩ transport in the thick ascending limb of the loop of Henle (TAL) are the most well characterized. The majority of this work has been performed by Garvin and Ortiz (9) , who have previously reviewed the role of reactive oxygen species on tubular function, including the role of O 2 Ϫ to alter Na ϩ transport in the TAL (9) . In this section, we will briefly review and summarize their findings and update the reader on more recent developments with a focus on the involvement of NADPH oxidase.
The TAL is responsible for ϳ20 -30% of the uptake of filtered Na ϩ . Unlike the PT, the TAL is quite impermeable to H 2 O, so Na ϩ and Cl Ϫ are reabsorbed independently of H 2 O in this segment, allowing the formation of the urinary concentration gradient. The driving force for Na ϩ reabsorption in this segment is provided by basolateral Na ϩ /K ϩ -ATPase, which extrudes Na ϩ from the cell (Fig. 2) . Around 50% of Na ϩ reabsorption by the TAL is paracellular due to the lumenpositive electrical gradient generated by apical K ϩ conductance, while the remaining 50% is transcellular. Na ϩ enters the TAL cell either via the Na ϩ K ϩ 2Cl Ϫ cotransporter (NKCC2 ϳ75%) or via the apical NHE3. A key early finding was that exogenously added O 2 Ϫ enhances net NaCl absorption by the medullary TAL (mTAL) (34) . This effect appears to be mediated by O 2 Ϫ rather than H 2 O 2 , as superoxide dismutase abolished the actions of the xanthine oxidase (the source of exogenous superoxide), and H 2 O 2 was found to have no effect on absorption of NaCl by TAL (34) . In difference to data obtained in the PT, O 2 Ϫ appears to contribute to baseline NaCl absorption in TAL during homeostatic conditions in the absence of oxidative stress. This is evidenced by the fact that the O 2 Ϫ scavenger Tempol can blunt NaCl uptake in TAL from normotensive Sprague-Dawley rats in vitro (34) . Increases in Na ϩ reabsorption in the TAL in response to O 2 Ϫ are mediated primarily by activation of NKCC secondary to activation of PKC-␣ (19, 42) . In addition to activation of NKCC, O 2 Ϫ also stimulates Na ϩ uptake by apical NHE3, which is responsible for the remaining ϳ25% of Na ϩ entry in TAL (20) . Interestingly, Juncos et al. found that exogenously added O 2 Ϫ inhibited basolateral NHE. NHE-1 is expressed on the basolateral membrane of mTAL and does not contribute to Na ϩ absorption. Exogenous O 2 Ϫ has also been shown to have a small inhibitory effect on apical K ϩ transport renal outer medullery potassium channel (ROMK), which is required to maintain the activity of NKCC2 and paracellular cation reabsorption (19) . The net effect of O 2 Ϫ in the TAL, however, is stimulation of NaCl reabsorption (9) .
Recent studies have begun to identify the source(s) of endogenously produced ROS in mTAL. Herrera et al. (15) Ϫ production in TAL unequivocally implicate NADPH oxidase as the source of radicals in response to increased luminal flow in this segment. Such a response may be important to prevent Na ϩ wasting when tubular flow is increased. While a dependence on p47phox or Rac-1 implicates NOX2, recent data from our own laboratory indicate that NOX4 is the predominant NOX isoform expressed in TAL (28) . The physiological function of NOX4 within the mTAL and its contribution to ROS-mediated transport signaling, however, remain unknown. One possibility is that within the mTAL, the functions of NOX are similar to that found in the macula densa, in which NOX2 regulates Na ϩ -induced increases in O 2 Ϫ production, while NOX4 contributes to tonic basal ROS levels (50) . Further studies will be required to elucidate the function of NOX4 in the mTAL and its contribution to whole kidney function and ion homeostasis in both physiological and pathophysiological conditions.
Distal Tubule and Collecting Duct
To the best of our knowledge, there are no published reports pertaining to the involvement of NADPH oxidase on thiazidesensitive Na ϩ transport in the distal nephron. Data regarding the involvement of NADPH oxidase toward ENaC-mediated Na ϩ reabsorption are also limited. ENaC is the rate-limiting step in Na ϩ transport in the late nephron and collecting duct. The activity of ENaC is under hormonal control by both aldosterone and insulin, both of which increase ENaC activity and stimulate Na ϩ retention. Data from A6 cell monolayers derived from amphibian distal nephron indicate that insulin stimulates Na ϩ transport in these cells via an NADPH oxidaselinked mechanism. Markadieu et al. (24) have found that insulin-stimulated ENaC activity in A6 cell monolayers involves H 2 O 2 and phosphatidylinositol-3 kinase and can be prevented by the inhibition NADPH oxidase. While the importance of NADPH oxidase-derived ROS toward Na ϩ transport in the mammalian distal nephron remains unclear, these data suggest that NADPH oxidase produced H 2 O 2 may be an integral signaling component in such pathways. Given the physiological importance of ENaC-mediated Na ϩ transport to whole body fluid homeostasis and hypertension, investigation of the role of NADPH oxidase in ENaC signaling will likely be a fruitful area of future research.
K ϩ Transport
The ratio of extracellular to intracellular concentration of K ϩ [K] ec is a key determinant of cell membrane potential. It is critical for the normal function of excitable cells: myocytes and neurons.
[K] ec is kept within a narrow range (3.5-5 meq/l) by regulation of its excretion, which is 90% renal and is finely regulated. K ϩ is freely filtered in the glomerulus. Approximately 70% of the filtered K ϩ is reabsorbed in the proximal convoluted tubule, and 15-20% in the TAL. Therefore, most of it is reabsorbed before the aldosterone-sensitive distal nephron (ASDN), and urinary K ϩ mainly reflects secretion by the ASDN, particularly the late distal tubule (DT), connecting tubule (CNT), and cortical collecting duct (CCD) (11) . During K ϩ deprivation, K ϩ is reabsorbed in the outer medullary collecting duct (OMCD) (11, 45) .
The CNT and CCD comprise two different cell types: the principal cell (PC) and intercalated cell (IC). PCs secrete K ϩ and reabsorb Na ϩ . ICs are involved in acid-base transport. They are presumed to mediate K ϩ absorption in the face of K ϩ depletion. In PCs, K ϩ enters the cell via the basolateral Na ϩ /K ϩ -ATPase [against electrochemical (EC) gradient] and diffuses down a favorable EC gradient into the lumen through apical K channels. The electrical gradient is generated by luminal Na ϩ reabsorption via the apical Na ϩ channel ENaC. The apical ROMK-like SK channel mediates basal K ϩ secretion. This channel, present solely in PCs, has a low conductance and high open probability (P o ) at the resting membrane potential. K secretion in this segment is critically dependent on Na ϩ reabsorption (Fig. 3 ). An increase in distal Na ϩ delivery due to increased concentration, flow, or an increase in apical Na ϩ permeability (dependent on ENaC), increases the electrical gradient (lumen negative), facilitating urinary K ϩ secretion (11, 45) . Although this is true under normal conditions, during K ϩ loading, K ϩ secretion can be maintained (albeit at a lower rate) in the absence of significant Na ϩ absorption. In this case, intracellular Na ϩ for Na ϩ /K ϩ -ATPase is provided by a baso- Fig. 3 . Diagramatic representation indicating the actions of NAD(P)H oxidase on potassium transport in a principal cell. Superoxide O2 ·Ϫ is produced by NAD(P)H oxidase and can be stimulated by activation of the angiotensin AT1 receptor (AT1R). O2
·Ϫ produced by NAD(P)H oxidase can then be converted to hydrogen peroxide (H2O2), which along with O2 ·Ϫ , inhibits protein phosphatase 2B (PP2B-cat). Inhibition of PP2B-cat increases p38 and ERK phosphorylation, activating them, which, in turn, increases apical ROMK/SK channel phosphorylation, inhibiting it. O2 ·Ϫ and H2O2 also increase the protein-tyrosine kinase c-Src, which increases tyrosine-phosphorylation of ROMK/SK, deactivating it. All three pathways must be activated to maximally inhibit apical ROMK/SK channel activity. Black arrows represent direction of action/reaction only; thin dashed arrows indicate direction of Na ϩ transport; red arrows indicate an inhibitory action; green arrows indicate a stimulatory action.
lateral Na ϩ /H ϩ exchanger (26) . The BK channel (high conductance, low open probability) is present in the apical membrane of both PCs and ICs, chiefly in the latter. This channel is activated by stretch/Ca 2ϩ , is responsible for flow-stimulated K ϩ secretion (46) and participates in the renal adaptation to dietary K ϩ loading (8, 27) . The basolateral SK channels in PCs are responsible for maintaining membrane potential (23) . Aldosterone indirectly stimulates K ϩ secretion in the ASDN by increasing apical Na ϩ conductance (therefore, increasing the favorable cell to lumen electrical gradient) and basolateral Na ϩ /K ϩ -ATPase insertion (early effects) and by increasing apical K ϩ conductance and stimulating Na ϩ /K ϩ -ATPase activity (late effects) (33) . An extensive amount of data published by W.-H. Wang and colleagues during the last 12 years has elucidated the role of ROS in modulating SK channel activity in the CCD. As mentioned, the ROMK-like SK channel in the CCD is present in the apical membrane of principal cells and is responsible for basal K ϩ secretion.
Role of NADPH Oxidase in Apical ROMK-Like SK Channel Regulation
Wang and colleagues have demonstrated that ROS are involved in ROMK-like SK channel inhibition during K ϩ restriction. K ϩ restriction increases AT 1 R expression on the apical membrane of the rat CCD and its activation by ANG II dose dependently inhibits apical ROMK-like SK channel activity, via activation of NADPH oxidase (43) . The inhibitory effect of ANG II is abolished by either IDP or apocynin, indicating a NADPH-oxidase-dependent mechanism (43) . Since inhibition of PTK, such as c-Src increases ROMK-like SK apical conductance (3), Wang and colleagues (3) explored the relationship between ROS and PTK expression and activity. Using mouse M1 cells, they found that H 2 O 2 increased c-Src, which increases tyrosine-phosphorylation of the ROMKlike SK channel, deactivating it. As the inhibitory effect of ANG II on ROMK-like SK activity is attenuated by inhibiting PTK (43) , it appears that the effects of ANG II to inhibit apical K ϩ conductance are mediated by increased ROS production and subsequent activation of PTK, which deactivates apical ROMKlike SK channels by phosphorylating it.
Wang and colleagues (51) have also identified a role for protein phosphatase 2B PP2B-cat toward ROS regulation of apical K ϩ conductance. Exogenous O 2 Ϫ or H 2 O 2 was found to reduce the expression of PP2B-cat (catalytic subunit) in M1 cells (51) . Further, inhibition of PP2B-cat using cyclosporine A or FK-506 reduced apical ROMK-like SK channel activity (51) . The reduction in ROMK-like SK channel activity following inhibition of PP2B-cat could be reversed by coincubation with p38 and ERK inhibitors, suggesting MAPKs involvement in ROMK-like SK inactivation (51) . As inhibition of PP2B-cat increases the phosphorylation of p38 and ERK, the authors concluded that ROS can inhibit the ROMK-like SK channel by reducing PP2B-cat activity (51) . This would increase p38 and ERK phosphorylation, activating them, which would increase ROMK-like SK channel phosphorylation, inhibiting it. Data obtained from HEK293 cells transfected with GFP-ROMK1 and c-Src indicate that PTK, p38, and ERK signaling likely all contribute to ROS-mediated inhibition of ROMK-like SK channel activity as inhibition of all three pathways is required to abolish the inhibitory effects of H 2 O 2 (1) .
In agreement with tubular observations, elevated ROS appear to be involved in downregulating luminal ROMK-like SK channel activity in CCD in both rats and mice during K ϩ deprivation (2, 3). Babilonia et al. (2, 3) found that in rats subject to a K ϩ -deficient (KD) diet for 7 days, enough to provoke hypokalemia and dramatically reduce urinary K ϩ excretion, O 2 Ϫ production, assessed by lucigenin chemiluminescence in homogenates of cortex and outer medulla, increased by 110% (3) . Treatment of rats with Tempol to prevent the rise in renal O 2 Ϫ levels resulted in urinary K ϩ excretion levels above those of KD vehicle-treated animals, indicating that ROS were responsible for the reduction on K ϩ excretion (3). The effect of ROS appears to be secondary to activation of the angiotensin AT 1 R, as losartan was also found to prevent the KD diet-induced increase in O 2 Ϫ (18). To identify the source of O 2 Ϫ production in the CCD during K ϩ deprivation, knockout mice for gp91phox-containing NADPH oxidase (NOX2) were used. As in rats, wild-type mice subject to a KD diet showed higher O 2 Ϫ production in homogenates of cortex and OM compared with controls (2). Gp91phox Ϫ/Ϫ mice showed an increase in O 2 Ϫ production when subject to a KD diet, but this was less (Ϫ55%) than the increase observed in WT animals, indicating a role for NOX2 as a source of O 2 Ϫ (2). In response to a KD diet, ROMK-like SK channel activity was reduced in both WT and gp91phox Ϫ/Ϫ mice; however, the reduction in ROMK-like SK channel activity was less in gp91phox Ϫ/Ϫ (Ϫ37%) compared with WT mice (Ϫ64%), directly indicating a role of NADPH oxidase to modulate the channel (2). As urinary K ϩ excretion and plasma K ϩ decrease were slightly higher in gp91phox Ϫ/Ϫ mice compared with WT mice, these data indicate that O 2 Ϫ production is an adaptive mechanism for K ϩ conservation during K ϩ deprivation and that NOX2 is a source of O 2 Ϫ . Even though the increase in O 2 Ϫ production was less than that observed in WT mice, the observation that K ϩ deprivation was able to increase O 2 Ϫ levels in gp91phox Ϫ/Ϫ indicates a second source of ROS in addition to NOX2 (2) . This secondary source of ROS remains undetermined. Further studies are required to identify additional sources of ROS in the CCD and their involvement in K ϩ homeostasis.
Tubular H ϩ Efflux and O 2 Ϫ Production
Li et al.
were the first to demonstrate that H ϩ efflux following cellular acidification stimulated the production of O 2 Ϫ in mTAL. Li et al. (22) found that the potent NHE inhibitor methyl-isobutyl-amiloride could prevent O 2 Ϫ production in response to H ϩ efflux in mTAL and could reduce outer medullary H 2 O 2 levels to below 50% of control levels in SpragueDawley rats. As methyl-isobutyl-amiloride is a potent NHE inhibitor, this implied a link between NHE activity and the production of ROS. In an effort to identify the NHE isoform involved in ROS production in mTAL, we stimulated O 2 Ϫ production in freshly isolated mTAL in the presence of inhibitors selective for either the NHE1 or NHE3 isoform. Interestingly, we found that neither specific inhibition of NHE1 with cariporide or KR32568 nor specific inhibition of NHE3 with S3226 reduced O 2 Ϫ responses in mTAL from Dahl salt-sensitive rats (31) . Further, we found that cellular acidification using the NH 4 Cl prepulse method in bicarbonate-free media, which maximally activates NHE, had little or no effect to produce O 2 in mTAL from salt-sensitive rats and that O 2 Ϫ production was enhanced rather than inhibited in Na ϩ -free media (31) . These data indicated that NHE activity was not related to mTAL O 2 Ϫ production, suggesting instead that other H ϩ transporters are involved in stimulating ROS production in the mTAL.
The identity of the ROS producing H ϩ transporters in mTAL remains unknown; however, this transport pathway appears to be intimately linked with the activation of NADPH oxidase in the mTAL. O 2 Ϫ produced by outward H ϩ currents using Na ϩ -free media in isolated mTAL can be inhibited by pretreatment with apocynin, indicating NADPH oxidase is the source of ROS (31) . Both NOX2 and NOX4 have been detected in mTAL, and further studies will be required to determine which of these isoforms are activated by H ϩ efflux. Importantly, O 2 Ϫ production observed in response to a number of stimuli, as well as basal ROS levels in the outer medulla, are sensitive to dimethyl amiloride, indicating that this pathway is likely an important source of ROS in vivo (22, 31, 32) . Further, the activity of these H ϩ currents has been found to be greater in mTAL from Dahl salt-sensitive rats compared with a saltresistant control strains, indicating a potential role of this transporter toward the development of oxidative stress in the kidney and salt-sensitive hypertension (31) . The role of this transport pathway in acid-base homeostasis remains unclear. While activation of this transport pathway results in movement of H ϩ ions out of the cell, intracellular pH alone does not appear to be a strong activator of this pathway. In fact, in the presence of normal Na ϩ levels, other transporters, such as the NHE, appear to be more important in maintaining cellular pH and promoting cellular H ϩ extrusion. Identification of this transporter and its physiological role in the kidney will undoubtedly be an important step forward in our understanding renal function.
Summary and Conclusions
ROS are capable of modulating the activity of a number of ion transporters in the renal tubular epithelium. In the majority of systems in which ROS have been shown to affect renal ion transport, NADPH oxidase is present and appears to be the primary source of the ROS signal. NADPH oxidase-derived ROS are required to mediate responses to hormones that regulate fluid ion homeostasis, such as ANG II and insulin. NADPH oxidase-derived ROS also contribute to the renal response to alterations in K ϩ intake and maintenance of K ϩ balance. Thus, ROS signaling within the tubular epithelium is critical to maintain whole body fluid and ion homeostasis. While much evidence points to NADPH oxidase as the primary source of signaling ROS in pathways that alter tubular ion transport, the specific NOX isoforms involved in most processes remain unclear. Identifying the NOX isoforms and oxidase subunits involved in these signaling cascades will be an important step forward in our understanding of renal physiology and may open the possibility of targeting NOX to alter specific renal functions. Chronic dysregulation of ROS signaling within the renal tubular epithelium is likely to contribute to the development of numerous disease states. Renal oxidative stress has been linked to enhanced outer medullary Na ϩ reabsorption and the development of salt-sensitive hypertension (29) , as well as hypertension caused by high-fat feeding or obesity (4, 38) . Renal oxidase stress has also been demonstrated to promote renal tissue hypoxia and injury (44) . Even during pathological states, in which tubular ROS are elevated, however, some ROS may be beneficial. It would appear that NADPH oxidase-derived ROS signaling in the PT of SHR rats acts to promote Na ϩ excretion, an action that would promote normalization of blood pressure.
While much progress has been made toward unraveling the role of NADPH oxidase-derived ROS signaling in renal ion homeostasis, many questions remain unanswered. Given the importance of NADPH oxidase-derived ROS toward Na ϩ and K ϩ reabsorption, it is likely that ROS also participate in the regulation of transport of other ions. However, there are currently no published reports regarding the role of NADPH oxidase in modulating renal transport of ions other than Na ϩ and K ϩ . Developing a clearer understanding of the function of NADPH oxidase-derived ROS within the tubular epithelium will be critical in understanding the signaling pathways that mediate ion homeostasis and may help identify targeted treatments against ROS-related tubular disorders.
